␤1 integrin-dependent adhesion and adhesion-mediated inhibition of proliferation, but also in the restoration of cooperation between ␤1 integrins and CD44. These studies suggest that decreased ␤1 integrin avidity may also affect the function of the proteoglycan adhesion receptor CD44, both of which may contribute to the abnormal circulation and expansion of malignant progenitors in CML.
Introduction
Hematopoiesis occurs in the complex microenvironment of the marrow which contains hematopoietic cells, stromal cells, and extracellular matrix (ECM) components. Hematopoietic progenitor cell proliferation and differentiation are regulated by receptor-mediated signals initiated by cytokines or interactions between progenitors and stromal cells or ECM components.
1-5 A variety of adhesion receptors has been identified on hematopoietic progenitors, including the integrins ␣4␤1 and ␣5␤1.
6,7 Adhesion of colony-forming cells (CFC) to fibronectin (FN) involves the RGD-containing 75 kDa cell binding domain, to which the ␣5␤1 integrin binds, 8 and the CS1 poietic progenitors is the standard or CD44H form, which lacks the 10 variant exons due to alternative splicing but conBone marrow mononuclear cells (BMMNC) were isolated by Ficoll-Hypaque (Sigma Chemical, St Louis, MO, USA) density tains several chondroitin sulfate glycosaminoglycan side chains. 14 The proteoglycan form of CD44 binds to FN C/H-1 gradient centrifugation (specific gravity 1.077) for 30 min at 400 g. BMMNC were stained with biotin-labeled anti-CD34, and FN C/H-II, heparin binding peptides present in the carboxyterminal domain of FN. Furthermore, we have demonfor 30 min at 25°C, washed, and captured on avidin-coated beads using a continuous flow format column (Ceprate LC; strated a coordinated action of the CD44/CS proteoglycan and ␣4␤1 integrins in the adhesion of normal CFC to FN. 13 CoculCell Pro, Bothell, WA, USA). Bound cells were released by gentle agitation. Enriched CD34 + cells were then incubated ture of normal CFC with the carboxyterminal heparin binding domain of FN inhibits normal CFC proliferation, 11, 12 suggestwith anti-CD34-PE and anti-HLA-DR-FITC (Becton Dickinson, Mountain View, CA, USA) for 30 min at 4°C and sorted on a ing a possible role for CD44 in the regulation of progenitor proliferation.
FACS 24 This cDNA was then ation. However, equal levels of ␣4, ␣5 and ␤1 integrins are present on the Ph+ CML or normal CD34 + cells. 17, 18 In used as a template for the generation of polymerase chain reaction products. Primers for the generation of rFN51 addition, CD34
+ cells isolated from the bone marrow (BM) or blood of patients with CML express CD44. Although some specifically produce a fragment of FN encoding amino acids 1583-2038 and include a BamHI restriction site at the 5′ terstudies report higher CD44 expression on CML CD34
+ cells and expression of CD44 receptors containing the 10th exon, 14 minus and an EcoRI site at the 3′ terminus. The resulting DNA fragment was then cloned into the BamHI-EcoRI cloning sites these changes were highly variable among patients 14 and between studies. 14, 21, 22 in pGEX-2T (Pharmacia, Piscataway, NJ, USA). Clones were selected on the basis of specific restriction digests and transWe have demonstrated that treatment of CML Ph+ CFC with the ␤1 integrin activating antibody 8A2 results in restored formed into E. coli strain TOPPS (Stratagene, La Jolla, CA, USA). Expression of the FN DNA in this system results in a adhesion of CML Ph+ CFC to FN and subsequent inhibition of CFC proliferation at least in part through the ␣5␤1 inte-GST fusion protein, with the GST portion at the amino terminus. To purify rFN51, a fresh colony was used to inoculate grin. 19 Based on results with normal CFC, we hypothesized that integrin-mediated adhesion to and subsequent prolifera 100 ml overnight culture in LB medium containing 50 g/ml ampicillin and grown at 37°C with shaking. The following day ation inhibition of CML Ph+ CFC by FN following 8A2 treatment may also involve the cooperative action of the proteothe overnight culture was used to inoculate 900 ml fresh LB/ampicillin media (1:10) and the new culture allowed to glycan form of CD44 with integrins. In this study we demonstrate that ␤1 integrins and CD44/CS proteoglycans grow at 37°C for 3 h with shaking. IPTG was added to a final concentration of 0.5 mm and the culture grown an additional cooperate in the 8A2-induced adhesion and subsequent decreased proliferation of CML Ph+ CFC. These studies sug-1 h as above. The bacteria were pelleted and then lysed at 4°C in 1 × PBS containing 1% Triton-X-100 and 0.1% SDS. gest that the abnormal circulation and expansion of CML progenitors is the result of abnormal integrin function, which may Following mild sonication, the extract was subjected to centrifugation at 11 000 r.p.m. (JA17 rotor) to clear debris. The also result in defective function of CD44/CS proteoglycans.
resulting supernatant was applied immediately to a 1 ml glutathione sepharose column equilibrated in 1 × PBS. Unbound material was washed from the column with 20 column volumes of cold 50 mm Tris pH 7.4. The bound rFN51-FST fusion protein was subsequently eluted with 10 mm glutathione in Materials and methods 50 mm Tris pH 7.4. Spectrophotometric quantitation of eluted protein was measured at 280 nm. rFN51 was used at a coating concentration of 10 g/ml.
Bone marrow samples
Human plasma FN (pFN) and a 75 kDa tryptic fragment containing the cell binding RGDS domain were purified as described. 25 pFN and 75 kDa FN fragments were used at coatHeparinized BM samples were obtained by aspiration from the posterior iliac crest of CML patients after informed consent ing concentrations of 50 g/ml. Synthetic FN peptides were synthesized at the Microchemical Facility of the University of was obtained using guidelines approved by the Committee on the Use of Human Subjects at the University of Minnesota.
Minnesota as described. 26, 27 The synthetic peptides were chemically conjugated to ovalbumin as described and stored All patients were Ph+ and/or BCR-ABL+ and were in the chronic phase of CML.
at −20°C until used. The coupled peptides were used at a coating concentration of 10 g/ml. Poly-l-lysine (PL; Sigma and hydrocortisone incubated for 2-4 days on confluentirradiated normal BM stromal layers 11 ) for 84-120 h at 37°C Diagnostics, St Louis, MO, USA) was used at a dilution of 1:500 as previously described. 11 Bovine serum albumin (BSA, and 5% CO 2 . Previous studies from our group have demonstrated that this incubation induces 50% of normal or CML 96-99% gel electrophoresis; Sigma) was used at a concentration of 5%.
CFC to proliferate. 11 ) In some experiments, cultured CD34 + /HLA-DR + cells were incubated with antibodies in serum-free IMDM for 30 min at 37°C, or cABC for 1 h or with ␤-DX overnight. Cell mixtures were then cultured on substrata Monoclonal antibodies for 4 h. After 4 h, cells were collected, resuspended in IMDM (pH 7.4) and divided into two equal portions. Fifty percent of The production and characterization of the murine antihuman ␤1 monoclonal antibody (mAb) 8A2 has been progenitors were pulsed withH-thymidine was quenched receptor were kindly provided by Dr E Butcher (Hermes III; Stanford University, Stanford, CA, USA) and Dr M Letarte by the addition of excess cold thymidine (0.5 mg/ml in IMDM + 5% FCS). Cells were washed and plated in methylcellulose (50B4; Hospital of Sick Children, Toronto, Canada).
29, 30 Antibodies against ␣4 (P4C2), ␣5 (P1D6) and ␤1 (P4C10) were culture for 2 weeks. The percentage of CFC in S phase was calculated as ((number of CFC pulsed with cold thymidine − purchased from Gibco (Grand Island, NY, USA). Control mouse IgG was purchased from Sigma Diagnostics. All prithe number of CFC pulsed with 3 H-thymidine) Ϭ the number of CFC pulsed with cold thymidine) × 100. mary antibodies were diluted in IMDM.
p-nitrophenyl-␤-d-xylopyranoside and chondroitinase
Short-term methylcellulose progenitor culture ABC pretreatment Cells recovered from adhesion assays and thymidine suicide assays were plated in methylcellulose assay supplemented CD34 + /HLA-DR + cells were incubated with or without protease-free chondroitinase ABC (cABC, 0.1 U/ml; Seikagaku with 3 IU recombinant erythropoietin (Epoetin Alfa; Amgen, Thousand Oaks, CA, USA) and 10% conditioned medium America, Rockville, MD, USA) for 30 min before the assays. CD34
+ /HLA-DR + cells were also incubated overnight in the from the bladder carcinoma cell line 5637 as described. Cultures were incubated in a humidified atmosphere at 37°C and presence or absence of 1 mm p-nitrophenyl-␤-d-xylopyranoside (␤-DX) (Sigma) as described.
13 cABC (0.1 U/ml) or ␤-DX 5% CO 2 . At days 14-18 of culture, CFC (CFU-Mix, CFU-GM and BFU-E) were enumerated as previously described. 7 were also included in the medium throughout the adhesion and proliferation assays.
Statistical analysis Cell adhesion assay
Results of experimental points obtained from multiple experiments were reported as mean ± s.e.m. Significance levels were Substrata were prepared as follows: BSA, FN, FN fragments, ovalbumin coupled peptides and PL were diluted to the determined by two-sided Student's t-test analysis. appropriate concentrations in Voller's carbonate buffer. 14, 27 Proteins were adsorbed to wells of 48-well plates (Costar, Cambridge, MA, USA) overnight in a humidified atmosphere Results at 37°C. Nonspecific sites were blocked the following day with 5% BSA in Voller's buffer for 2 h. CD34 + /HLA-DR + cells
8A2 induces adhesion of CML progenitors to immobilized FN, FN fragments and FN peptides
were preincubated with or without antibodies or control IgG for 30 min at 37°C, with or without cABC for 1 h, or with or without ␤-DX overnight. Two hundred and fifty microliters of In a first set of experiments we examined the adhesion of CML Ph+ CFC to FN and FN fragments. CML Ph+ CFC incubated cell suspension (8000 cells) were cultured in substratumcoated wells for 2 h at 37°C and 5% CO 2 . The nonadherent in the presence of control antibody or mouse IgG adhered poorly to FN, but when incubated with the ␤1 integrin activatand loosely attached cells were removed after 2 h by four to five consecutive washings with warm IMDM after ing antibody 8A2 adhesion was significantly increased ( Figure  2 ). Similar increases in adhesion were seen when CML Ph+ standardized horizontal shaking of plates (30 s, 100 excursions/min). Tightly adherent progenitors were harvested CFC were incubated in the presence of 8A2 and cultured on the 75 kDa FN fragment, which contains the RGD cell binding using trypsin + EDTA (Sigma), followed by two additional washings with warm IMDM. Adherent, nonadherent and total domain for ␣5␤1, and the rFN51 fragment from the carboxy terminal heparin binding region of FN, which contains the cell fractions were then cultured in methylcellulose, as described below. Percent adherence was calculated as LDV cell binding domain for ␣4␤1, and proteoglycan binding regions. 8A2 did not alter the adhesion of CML Ph+ CFC to (number of CFC in the adherent fraction Ϭ number of CFC in the total fraction) × 100.
BSA or PL, a nonspecific adhesive substratum. 8A2 also did not affect cell growth, as similar colony outgrowth was seen when CML Ph+ CD34 + cells were cultured in suspension with or without 8A2.
Progenitor proliferation assay
We further evaluated the effect of 8A2 on the adhesion of CML Ph+ CFC to FN by utilizing synthetic peptides located in CD34 + /HLA-DR + cells were incubated in stroma-conditioned medium (IMDM containing 12.5% FCS, 12.5% horse serum, the heparin binding domain of FN. As expected, adhesion to are expressed as the mean percent kill ± s.e.m. Significance levels: comparison of CFC adhesion to each substratum with and without comparison of CFC on substratum with and without 8A2; *P р 8A2; *P р 0.005. 0.01, **P р 0.02.
ovalbumin coupled CS I, which contains the binding region for the ␣4␤1 integrin, was significantly increased by the presahdesion to FN but results also in adhesion-mediated inhience of 8A2 (Figure 3) . Surprisingly, adhesion to ovalbumin bition of CFC proliferation. We demonstrate here that as for coupled FN C/H-II, a proteoglycan binding region, was also CML Ph+ CFC adherent to intact FN, significantly less 8A2-increased following treatment with 8A2. Adhesion to the contreated CML Ph+ CFC adherent to either the 75 kDa FN fragtrol substratum, ovalbumin conjugated to itself, was not affecment or the rFN51 fragment were in S phase when compared ted by 8A2.
to cells incubated on BSA (Figure 4) . However, coculture of CML Ph+ CFC with PL, to which Ͼ60% CFC adhere nonspecifically, in the presence or absence of 8A2, had no effect mean percent kill ± s.e.m. Significance levels: comparison of CFC on substratum with and without 8A2; *P р 0.01, **P р 0.05. coupled peptide with and without 8A2; *P р 0.001, **P р 0.02. ovalbumin conjugated to itself was not affected by the presment. 8A2-induced adhesion of CML Ph+ CFC to rFN51 was significantly reduced in the presence of Hermes 3 or 50B4, ence of 8A2. This suggests that 8A2-induced adhesionmediated proliferation inhibition may depend on both ␤1 inteantibodies specific for CD44 (Figure 6b ). Furthermore, pretreatment of CML progenitors with cABC ( Figure 6b ) or ␤-DX grins and CD44.
(data not shown) similarly reduced the 8A2-induced adhesion to rFN51. When adhesion to the peptides CS I and FN C/H-II was examined, anti-CD44 antibodies or removal of chond-8A2-induced adhesion restores cooperation between the ␣4␤1 integrin and CD44
roitin sulfates from the cell surface blocked adhesion to FN C/H-II but not CS I. Anti-CD44 antibodies or cABC or ␤-DX pretreatment had no effect on the adhesion of CML Ph+ CFC We next examined which integrin receptors were involved in the 8A2-induced adhesion of CML Ph+ CFC to FN fragments to PL. Neither anti-␣5, ␣4, or ␤1 antibodies, anti-CD44 antibodies, cABC or ␤-DX had an effect on CML Ph+ CFC growth and peptides. As expected, 8A2-induced adhesion of CML Ph+ CFC to CS I and rFN51 was inhibited by antibodies when cultured in suspension.
We finally examined the role of CD44 in the inhibition of against the ␣4 and ␤1 integrins (Figure 6a) . Adhesion of 8A2-treated CML Ph+ CFC to the 75 kDa FN fragment was blocked CML Ph+ CFC proliferation when cocultured with FN. Hermes 3, 50B4, and cABC pretreatment reversed the ␤1 integrinby anti-␤1 antibodies while anti-␣4 antibodies had no effect (data not shown). However, 8A2-induced adhesion of CML mediated decrease in proliferation of CFC cocultured on rFN51 in the presence of 8A2, suggesting that CD44 cooperPh+ CFC to FN C/H-II was not affected by anti-␣4 or anti-␤1 antibodies.
ates with the ␤1 integrins not only for progenitor adhesion but also for adhesion-mediated decreased progenitor proliferation The contribution of CD44 to the adhesion of CML Ph+ CFC to FN fragments and peptides was examined using CD44 ( Figure 7 ). blocking antibodies, cABC pretreatment or ␤-DX pretreat-
Discussion
The current study extends our previous findings which suggests that ␤1 integrins on CML progenitors may be quantitatively normal but functionally abnormal. We and others have previously shown that ␣5␤1 integrin appears to be present in a low avidity state on K562 cells and CML Ph+ CFC. 19 , 27 Here we demonstrate that the ␣4␤1 integrin may also be present in an abnormally low avidity state on CML Ph+ CFC. Furthermore, our studies demonstrate that the proteoglycan form of CD44 present on CML Ph+ CFC is able to bind to heparin ), in the presence or absence of Hermes 3 (2 g/ml), U/ml) for 30 min at 37°C and duplicate samples of cells were plated on wells coated with rFN51 or PL (n = 3 or 4). After 4 h, adherent 50B4 (2.5 g/ml) or cABC (0.1 U/ml) for 30 min at 37°C. Duplicate samples of cells were plated in CS I (n = 4), FN C/H-II (n = 4), rFN51
and nonadherent cells were collected, pooled, and pulsed with 3 Hthymidine (5 Ci/well) or cold thymidine for 20 min. Cells were (n = 4) or PL (n = 4)-coated wells for 2 h, and adherent and nonadherent fractions replated in methylcellulose progenitor culture to assay for replated in methylcellulose progenitor culture to determine the percent CFC in S phase. Results are expressed as the mean percent kill CFCs. Results are expressed as mean percentage adherence ± s.e.m. Significance levels: comparison of adhesion of CFC on substratum ± s.e.m. Significance levels: comparison of CFC on substrata with 8A2 ± CD44 blocking; *P р 0.01, **P р 0.05. with 8A2 ± CD44 blocking; *P р 0.01, **P р 0.05.
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binding sequences in FN when the ␤1 integrin is switched to plexing with the ␤1 integrin intracellular domain may be reponsible not only for the decreased avidity of the ␤1 integrin a high avidity state. Thus, although the baseline level of ␤1 integrin and CD44-dependent adhesion of CML Ph+ CFC to but also for abnormal signalling following integrin engagement, our studies suggest that the activating anti-␤1 antibody FN is lower than that of normal CFC, 17 the cooperative function between the ␣4␤1 integrin and the proteoglycan form of is able to compensate for these abnormalities. The abnormal ␤1 integrin avidity which affects adhesion to CD44 appears to be intact in 8A2-treated CML Ph+ CFC.
Our studies suggest that as for K562 cells, the majority of FN not only through ␣4␤1 and ␣4␤1, but also through CD44, may at least in part underlie the abnormal circulation of pro-␤1 integrins may be present in a low avidity state on CML progenitors and switched to a high avidity state by 8A2. One genitors and immature precursor cells in the peripheral blood of CML patients. Furthermore, the decreased ␤1 integrin avidfact that may contribute to the lower ␤1 integrin avidity in the majority of CML Ph+ CFC compared to normal CFC is the ity may also contribute to the abnormal expansion of progenitor cells and immature precursors in the bone marrow of CML presence of P210 bcr-abl . 31, 32 Compared to P145 abl , P210
bcr-abl has increased tyrosine kinase activity. 33 As has been demonpatients. This may be due to the lack of adhesion-mediated growth inhibition, observed for normal hematopoietic prostrated for p60 all of which may lead to constitutive activation of the RAS ity between ␣4␤1 and CD44 in hematopoietic progenitors remains intact in CML progenitors, despite their lower basal pathway. 45 Although the role of integrins in RAS pathway activation and the effect of RAS activation on integrin avidity is level of adhesion to FN. Aside from cooperating in CML CFC adhesion to FN, we also demonstrate that these two receptors not completely clear, studies in fibroblasts indicate that ligation of ␤1 integrins may result in the formation of a complex cooperate in adhesion-mediated growth inhibitory signaling. This indicates that abnormal functioning ␤1 integrins prevent between the focal adhesion kinase, FAK, and the adaptor proteins CRK 46 and GRB2. 47, 48 Such complexes may in turn acticooperation between integrins and CD44 receptors on CML cells, which may play a role in both the abnormal circulation vate the RAS pathway and lead to integrin-mediated growthpromoting and/or growth-inhibitory signals. Activation of RAS and abnormal expansion of Ph+ CML progenitors. may also affect CD44 receptor expression, since overexpression of RAS in CREF cells alters CD44 expression by increasing the promoter activity and splice control of the Acknowledgements CD44 gene, resulting in increased variant CD44 expression. 49 Four to 8% of CD44 receptors containing the 10th exon can This work was supported in part by National Institutes of be detected on CML CD34 + cells 14 which may be due to Health grants R01-HL-49930-01A2, R01-HL-48738-01, R01-constitutive RAS activation by P210 bcr-abl . However, the bio-CA-4581401, P01-CA-21737 and the American Cancer logical relevance of this subpopulation of CD44 receptors Society grant IM 69879. We also acknowledge the support of requires further study.
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28,50 The 8A2-induced conformational change of ␤1 integrins from a References low avidity to a high avidity state may then alter subsequent extracellular and/or intracellular interactions with other cell 
